Biological nanomotors have previously been classified into two categories: linear and rotational motors. For 35 years, it has been popularly believed that the DNA packaging motors of dsDNA viruses are rotation motors. Recently, a third class of "Revolution Motor" was discovered (see animations http://nanobio.uky.edu/movie.html ). By analogy, the Earth revolves 365 days a year around the sun, yet rotates one circle per day upon its own axis. It has been confirmed that the bacteriophage phi29 DNA packaging motor is a hexamer that utilizes a mechanism of revolution instead of rotation. The action by revolution enables a motor free of friction, coiling, and torque; enlightening the mystery of how this small and simple virus can possess such a strong biomotor. This finding has solved many puzzles and debates that have occurred throughout the history of motor studies and settles the discrepancy concerning structure, stoichiometry, and function of DNA translocation motors. This review will also address the puzzles concerning how the motor controls one-way traffic of dsDNA; how the four electropositive lysine layers interact with the phosphate background to generate four steps of pausing during dsDNA translocation; how the motor resolves the mismatch between 10.5 bases and 12 connector subunits per cycle of revolution; how the motor transports closed circular dsDNA without breaking covalent-bonds or changing dsDNA topology; how the motor continues to move without interruption; and why, in certain cases, the motor displays physical motion without the hydrolysis of ATP.
Introduction
The importance of nanomotors for cells or nanotechnology is akin to that of mechanical motors to daily life. Mechanical motors power cars to drive us to destinations; nanobiomotors translocate DNA and RNA to facilitate biological functions. Extensive studies on nanobiomotors have resulted in many fabulous and marvelous findings, but also much wonderment and conjecture, as well as puzzles and mystery; even zealous and fervent debates and disputes. Historically, nanobiomotors have been found to use two types of motor mechanisms: linear motion and rotational motion (Grigoriev, Moll et al., 2004; Vale, 1993) .
In the living organism, a common fundamental process is manifested in the process of dsDNA transportation from one cellular compartment to another. The AAA+ superfamily is a class of nanomotors that facilitate a wide range of functions (Zhang & . Despite their functional diversity, the common characteristic of this family is their ability to convert energy obtained from the binding or hydrolysis of the γ-phosphate bond of ATP into a mechanical force, usually involving a conformational change of the ATPase protein. This change of conformation generates both a gain or a loss of affinity for its substrate and a mechanical movement, which in turn is used to either make or break contacts between macromolecules, resulting in local or global protein unfolding, complex assembly or disassembly, or the translocation of DNA, RNA, proteins, or other macromolecules (McNally, Bowman et al., 2010;Guenther, Onrust et al., 1997). The hexagonal shape of the motor facilitates bottom-up assembly in nanomachine manufacturing and produces stable structures, arrangements, and robust machines that may be functionalized in human cells to remedy functional defects.
DsDNA viruses translocate their genomic DNA into preformed protein shells, termed procapsids, during replication (see reviews (Guo & Lee, 2007; Rao & Feiss, 2008; Zhang, Schwartz et al., 2012; Serwer, 2010) ). This entropically unfavorable process is accomplished by a nanomotor that uses ATP as an energy source (Guo, Peterson et al., 1987b; Chemla, Aathavan et al., 2005; Hwang, Catalano et al., 1996; Sabanayagam, Oram et al., 2007) . The dsDNA packaging motor consists of a protein channel and two packaging molecules to carry out its activities. Our discovery 25 years ago has shown that the larger molecule serves as part of the ATPase complex, and that the smaller one is responsible for dsDNA binding and cleaving (Guo, Peterson et al., 1987b; Guo, Zhang et al., 1998) ; this notion has now become a well-established definition. Besides the well-characterized connector channel core, the motor of bacterial virus phi29 involves an ATPase protein gp16 (Guo, The cellular components that show a strong similarity to viral DNA packaging motor is the FtsK ATPase, an AAA+ motor protein that transports DNA and separates intertwined chromosomes during cell division (Iyer, Makarova et al., 2004) ; and the SpoIIIE family (Demarre, Galli et al., 2013) , an AAA+ protein responsible for the transportation of DNA from mother cell to pre-spore during Bacillus subtilis cell division (Bath, Wu et al., 2000) . The FtsK or SpoIIE DNA transportation systems rely on the assemblage of a hexameric machine. FtsK contains three components: one for DNA translocation, one for the control of orientation, and one for anchoring itself to the substrate (Demarre, Galli et al., 2013) . Extensive studies suggest that FtsK may employ a "rotary inchworm" mechanism to transport DNA (Massey, Mercogliano et al., 2006) . The FtsK motor encircles dsDNA as a hexameric ring acts in a concerted manner. During each cycle of ATP binding and hydrolysis within each FtsK subunit, one motif acts to tightly bind to the helix while the other progresses forward along the dsDNA. This process causes translational movement and is repeated by the subsequent handing off of the helix to the next adjacent subunit (Massey, Mercogliano et al., 2006) . Many other hexameric dsDNA tracking motors function in a similar fashion, including TrwB that is used in DNA transport during bacterial conjugation (Gomis-Ruth, Moncalian et al., 2001); Rad54, an ATPase that supports viral DNA replication (Amitani, Baskin et al., 2006) ; and RuvB that plays a role in the resolution of the Holliday junction during homologous recombination (Chen, Yu et al., 2002) .
Many intriguing packaging models have been proposed for the motor of dsDNA viruses (Serwer, For a long time it has been popularly believed that viral DNA packaging motors run through a rotation mechanism that involves a five-fold/six fold mismatch structure (Hendrix, 1978) . The most-studied bacteriophage phi29 DNA packaging motor was constructed in 1986 (Guo, Grimes et al., 1986 ) and also contains three co-axial rings ( Fig. 1) (Hendrix, 1998) ). Based on this structure, in 1998 it was proposed that the mechanism of the phi29 viral DNA packaging motor is similar to that used by other hexameric DNA tracking motors of the AAA+ family (Guo, Zhang et al., 1998 , 2008) . This proposition has be disputed with findings that motor intermediates isolated during the active DNA packaging process also contain a hexamer (Shu, Zhang et al., 2007) . Due to the discrepancy in their data, another group has proposed a further speculation in which one of the subunits in the pentamer ring is inactive and only four of the pentamer subunits rotate during the DNA packaging process Yu, Moffitt et al., 2010) .
Many mysteries have been encountered during the course of study of the dsDNA translocation motor. It has been found that the motor transports closed circular dsDNA without breaking any covalent-bonds or changing the DNA topology; that the motor is a one-way traffic machine that controls DNA movement, despite the intrinsic symmetrical nature of the double-stranded DNA helix; and that dsDNA can cross cell membranes without affecting the hydrophobic or hydrophilic nature of the membrane. If the motor were a rotation machine, at least one of the motor components would need to rotate during dsDNA movement; however, extensive studies have revealed that neither the channel nor the dsDNA rotate during transportation. Four-fold, five-fold, and six-fold models have been proposed or observed for the motor structure and motor mechanism. The above conjectures have been proven by our detection of a novel revolution instead of rotation mechanism. Recently, the phi29 DNA packaging motor has been found to exercise a revolution motion instead of a rotational mechanism (for animation see http://nanobio.uky.edu/movie.html).
In Besides the sequence homology between phi29 ATPase and other known hexamers, several biochemical assays that have been performed confirm the hexameric arrangement (Schwartz, De Donatis et al., 2013a). Using ATPase fused with green fluorescent protein (GFP), six distinct fluorescent bands were found on native PAGE gel indicative of six monomers oligomerizing to form a hexameric quaternary complex ( Fig. 2A) . The monomer and all even numbered bands had a higher intensity than the trimer and pentamer, suggesting that the assembling sequence is monomer to dimer to tetramer, and finally to hexamer (Sim, Ozgur et al., 2008; Skordalakes & Berger, 2006; Ziegelin, Niedenzu et al., 2003) . As the concentration of gp16 was increased the intensity of the hexamer band also increased significantly, while the intensity of smaller oligomers remained fairly constant. This also suggests that a hexamer is the final oligomeric state.
The presence of eGFP-gp16 hexamer was further confirmed by analytical ultracentrifugation in the presence of a small, 21-nt DNA fragment (data not shown). The resulting species agreed with native gel ( Fig. 2A) and electrophoretic mobility shift assay data (EMSA) (Fig. 2B) ; and were of corresponding sizes indicative of monomers, dimers, tetramers, and hexamers. The formation of gp16 as an active hexameric complex in phi29 DNA packaging was further demonstrated using a Walker B mutant gp16 that could bind, but not hydrolyze ATP; and was analyzed by binomial distribution Chen, Trottier et al., 1997) . eGFP-gp16 mutated at the Walker B motif (amino acid residues D118 and E119 mutated to E and D, respectively) was found to be completely inactive in DNA packaging. The mutant was mixed with wild-type eGFP-gp16 in different ratios ranging from 10% to 90%, and the activity of the complex was assayed using an in vitro viral assembly system (Fig. 4 ) (Lee & Guo, 1994) . The dominant inhibitory activity of the Walker B mutant allowed an independent means of determining the stoichiometry of the ATPase . The empirical data nearly perfectly overlapped in slope and shape with a theoretical curve representative of a stoichiometry of 6, confirming that the motor complex is hexameric (Fig. 4A ). Quantitative and qualitative DNA binding assays were also performed with short, fluorescent dsDNA and eGFP-gp16. Capillary electrophoresis (CE) (Fig. 2A, bottom) and EMSA (Fig. 2B ) were employed and it was determined that gp16 binds to the short dsDNA at a ratio of 6:1, further validating our findings that the final oligomeric state of ATPase is hexameric.
Puzzle 2: How can the motor transport the helixes without rotating, coiling, or a torsion force? This is because the motor exercises a mechanism of dsDNA revolution (see nanobio.uky.edu/file/motion.avi) that has only be recently revealed as a unidirectional movement (Mi, Liu et al., 2010 ) by way of a "push through a one-way valve" mechanism (Schwartz, Fang et al., 2012; Fang, Jing et al., 2012 ) that agrees nicely with the previously proposed ratchet (Serwer, 2003) and compression (Ray, Sabanayagam et al., 2010;Ray, Ma et al., 2010) models. Data leads to the conclusion that the hexameric stoichiometry and the mechanism of revolution for phi29 DNA packaging motor are in accordance with FtsK of the hexameric AAA+ superfamily; it is expected that most phages follow the "push through a one-way valve" via revolution mechanism (Zhao, Khisamutdinov et al., 2013a;Schwartz, Zhang et al., 2013b). The "push through a one-way valve" mechanism describes dsDNA as being pushed through the connector channel by the ATPase gp16 in an entropically unfavorable process while the connector functions like a valve to prevent DNA from slipping out of the capsid during the packaging process (Black, 1989; Feiss & Rao, 2012; Casjens, 2011; Guo & Lee, 2007) ; a feat that is accomplished by a DNA-packaging motor that uses ATP as an energy source.
It has been found that the phi29 motor contains six copies of the ATPase gp16, as discussed in the previous section. The binding of ATP to one subunit stimulates ATPase to adapt to a conformation with lower entropy, but a higher affinity for dsDNA. Upon ATP hydrolysis, the ATPase assumes a new conformation with high entropy and a lower affinity for dsDNA, thus pushing dsDNA away from the subunit and transferring it to an adjacent subunit by a power stroke. The cooperativity and sequential action among hexameric ATPase subunits (Chen & Guo, 1997a;Moffitt, Chemla et al., 2009), as determined by Hill constant and binomial distribution assays of the inhibition performed by mutant subunits (Fig. 4) , also promotes the revolution of dsDNA along the connector channel. The contact between the connector and the dsDNA chain is transferred from one point on the phosphate backbone to another point along a single strand in a 5' to 3' direction; also demonstrated in another report ). The DNA revolves unidirectionally along the hexameric channel wall, but neither the dsDNA nor the hexameric ring rotates. One ATP is hydrolyzed in each transitional step and six ATPs are consumed in one cycle to translocate the dsDNA one helical turn of 360°. The binding of ATPase on the channel wall along the same phosphate backbone chain, but at a location 60° different from the last contact, urges dsDNA to move forward 1.8 bp each step (10.5 bp per turn ÷ 6 ATP = 1.8 bp/ATP) and revolve; thus, the rotation of neither the hexameric ATPase ring nor the dsDNA is required for DNA translocation.
Specifically, the helices revolve without rotating, coiling, or a torsion force because of the antiparallel arrangement between the dsDNA helix and the channel subunits of both the connector dodecamer and the ATPase hexamer, as revealed by crystallography ( ). The connector helix has 12 subunits that each displays a tilt of 30°. When one helix of dsDNA advances 360°, the dsDNA shifts 30° every time it passes one of the 12 subunits (360° ÷ 12 = 30°) ( Fig. 1 & 5) . The term "anti-parallel" means to twist with opposite orientation, and refers to each step of the advancing DNA where the DNA changes +30° and the angle is compensated for by the -30° tilting of the subunit of channel wall. The "+" and the "-" occur because of the anti-parallel arrangement. A "+30°" displacement interact with a "-30 0 " displacement and results in a net value of "0"-the reason why the motor transports the helixes without involving rotation, coiling, or a torsion force.
Puzzle 3: How does the motor execute the task of one-way traffic directional transportation?
It has been demonstrated that the motor uses a "push through one-way valve" mechanism to translocate dsDNA (Jing, Haque et al., 2010;Zhang, Schwartz et al., 2012); as verified by voltage ramping, electrode polarity switching ( Fig. 6C) , and sucrose sedimentation assessment (Jing, Haque et al., 2010) . The direction of translocation is controlled by five actions: 1) the motor ATPase undergoes a series of entropy transitions and conformational changes during the binding of ATP and dsDNA. The hydrolysis of ATP results in a second change in entropy and conformation of the ATPase, one with a low affinity for dsDNA that causes it to push the dsDNA to advance and revolve within the channel; 2) the 30° tilting angle of each subunit of the dodecameric connector channel that runs anti-parallel to the dsDNA helix facilitates the one-way traffic of the dsDNA and coincides with the 12 subunits of the connector channel (360° ÷ 12 = 30°) that serve to enhance the translocation of dsDNA in a single direction, as revealed by crystallography; 3) the unidirectional flowing property of the internal channel loops serves as a ratchet valve to prevent dsDNA reversal; 4) the 5'-3' single-direction revolving translocational movement of one strand of dsDNA along the phi29 motor connector channel wall ensures a unidirectional motion; and 5) four lysine layers interacting with a single strand of the dsDNA phosphate backbone, resulting in four steps of transition and pause during dsDNA translocation.
DsDNA runs through the connector, potentially making contact at each subunit (Fig. 1) . The anti-parallelism exhibited by the helices argues against a bolt and screw rotation model, since a screw thread and the corresponding whorl should display parallel transport. We constructed a mutant connector in which the internal loop containing residues 229-246 was deleted. Procapsids with a loopdeleted connector fail to produce any virions (Fig. 6B) . The packaged dsDNA reverses direction and slides out of the mutant procapsid after being packaged ( In-depth investigations into data, modeling, and literature have led to the following conclusion:
the motor only uses one strand of the dsDNA, not both, packages in the 5'→3' direction, interacts with a lysine ring, and revolves along the channel (Lee & Guo, 1995; Lee & Guo, 1994) . It has been found that phi29 DNA with single-stranded gaps is not packaged at full genome length, though. Hence, another experiment was conducted where two gaps were created in the phi29 DNA genome: one at the left end and one at the right end. Only a 5.9 kb DNA fragment between the left end of the genome and the first gap were packaged (Moll & Guo, 2005) , but the right end fragment was not. The results suggest that a single-stranded gap in DNA can cause the packaging motor to stop; and that the packaging direction is from the 5'c3' end. This model is further supported by the finding by Black and co-workers (Oram, Sabanayagam et al., 2008 ) that a 3' end extension up to 12 bases does not inhibit translocation, and 20 or more bases significantly block the T4 motor in DNA packaging. These results support the notion that the motor can revolve one complete turn of 360° with a single-stranded structure, and that dsDNA revolves along the motor using a single strand that is packaged in the 5's3' direction. The data is also supported by the findings that dsDNA is processed by having contact with an unknown component on one strand of DNA in the 5'd by tweezer, and that modified phi29 DNA stops dsDNA packaging; as revealed by optical tweezers. Modification of 10 bases has been found to be tolerable, but the changing 11 bases is not (Aathavan, Politzer et al., 2009 ). The evidence reveals that the four distinct motor steps occur because of the alternating positive and negative charges on the connector channel wall, a condition which alters the speed of DNA translocation and results in four steps of pausing during advancement-all due to the mechanism of revolution.
Puzzle 4:
How do the positively charged lysine layers play a role in the advancement of dsDNA; and how does their interaction with a single strand of the dsDNA phosphate backbone result in four steps of pausing during dsDNA translocation?
Connector crystal analysis (Guasch, Pous et al., 2002) has revealed that the negatively charged phi29 connector interior channel surface is decorated with 48 positively charged lysine residues. The residues exist as four 12-lysine rings and are derived from the 12 protein subunits that enclose the channel (Fig. 7 & 8) . In the past, the four lysine rings (K200, K209, K234, and K235) scattered inside the channel have been proposed to play a role in DNA translocation (Guasch, Pous et al., 2002) . However, it has been found that mutation of one of the layers of the four lysine rings does not significantly affect motor action (Fang, Jing et al., 2012) . Further investigation of the detailed interaction of the lysine residues with the bacteriophage genome during translocation suggests that that when DNA revolves through the connector, it goes through 12 subunits of the connector per cycle, with only one strand touching the channel wall. Thus, during the entire 360° revolution, it is proposed that the negatively charged phosphate backbone makes contact with the same positively charged layer of the lysine ring ( . During the entire 360° revolution, the negatively charged phosphate backbone of dsDNA makes contact with the same positively charged lysine layer located inside the channel. For every 10.5 bp of B-type dsDNA, it is suggested that one strand of DNA revolves 360° through the channel, resulting in a mismatch ( between the base with the negatively charged phosphate group and the channel subunits with positively charged lysine ring. On average, each of the four lysine layers are responsible for contact with three subunits (12 subunits ÷ 4 layers = 3 subunits). This value indicates that for every three subunits, 2.6 bp will be translocated through the connector ( bp). It is proposed that the dsDNA phosphate backbone interacts with the optimally charged lysine in the next subunit, and the distance variation due to this mismatch is compensated for by the introduction of the next lysine layer (Fig. 7 & 9 ) (see Puzzle 5). The four layers of the lysine ring will result in four pauses of DNA translocation. This is in agreement with the finding that four steps of transition and pausing were observed during translocation, and that each pause per step corresponds to the translation of 2.5 base pair of phi29 dsDNA; although others have interpreted that the pausing is due to an inactive subunit of the five-subunit structure of the motor (Chistol As indicated above, data indicates that during the entire 360° revolution the negatively charged phosphate backbone of dsDNA makes contact with the same positively charged lysine layer located inside the channel. For every 10.5 bp of B-type dsDNA, one strand of DNA revolves 360° through the 12-subunit channel, resulting in a mismatch ( between the base with negatively a charged phosphate group and the channel subunits with a positively charged lysine ring. At each step of dsDNA translocation, a 12.5% mis-match (1 -0.875 = 0.125) occurs between the dsDNA helix and the connector channel wall. The distance variation due to this mismatch is compensated for by the introduction of the next lysine layer (Fig. 7C & 9) . Since the 12-subunit channel has four layers, , each lysine layer is responsible for contact with an average of three subunits (12 subunits ÷ 4 layers = 3 subunits). After three transactions, a 37.5% mismatch occurs (12.5% × 3 =37.5%). The distance variation due to this mismatch is compensated for by the introduction of the next lysine layer (Fig. 7C  & 9) , and the contact point between the phosphate and the lysine shifts to a spot on the next lysine ring where the phosphate can make its next contact. This transition results in a slight pause in DNA advancement. When dsDNA translocates through three subunits, the leading phosphate transitions into the next lysine layer in order to compensate for the imperfect match that occurs between the phosphate and each lysine residue, during DNA advancement through the connector (Fig. 7C & 9) . It has been found that the mutation of only one layer of the four lysine rings does not significantly affect motor action (Fang, Jing et al., 2012) , indicating that the interaction of lysine and phosphate is only an auxiliary force, but not the main force involved in motor action. This also indicates that the uneven speed of the four steps of transition and pausing caused by the four lysine layers is not an essential function of the motor. This explains why the lysine layers and the 10.5 bases per helical turn are not a perfect match, and why the distance between layers is not constant.
Puzzle 6: How does the motor transport closed circular dsDNA without breaking any covalent-bonds or changing the topology of the DNA?
The ATPase monomer (not the hexamer) binds to dsDNA. After ATP binding, the ATPase subunit decreases in entropy and changes conformation, leading to a high affinity for dsDNA and the ability assemble as a hexamer on DNA without the requirement of ATP hydrolysis. Therefore, the motor assembles into a hexamer on the DNA itself, rather than the insertion of the dsDNA molecule into a preformed hexamer. A free 5ʹ or 3ʹ dsDNA end is not required, and the motor can theoretically transport closed circular dsDNA without breaking covalent bonds or changing DNA topology.
It is commonly believed that the binding of ATPase gp16 to the viral procapsid to form a complex is the first step in motor function during DNA packaging (Fujisawa, Shibata et al., 1991;Guo, Peterson et al., 1987a). However, it has been found that the first step in phi29 DNA packaging is instead the binding of multiple gp16 in a queue along the dsDNA (Fig. 10B) . A string of multiple Cy3-gp16 complexes have been observed on dsDNA chains that have been lifted by, and stretched between, two polylysine-coated silica beads in the presence of non-hydrolyzable γ-S-ATP (Fig. 10B ). This suggests that the queuing of ATPase gp16 along the DNA is the initial step in phi29 DNA packaging. Upon a conformational change stimulated by ATP binding, single subunits gather around the dsDNA chain first and then form a complex surrounding the DNA. It has been noted that both ends of the dsDNA were tethered to the beads, an observation which proves that a free 5ʹ or 3ʹ dsDNA end is not required for the ATPase to bind dsDNA, and that assembly of the hexameric gp16 ring occurs only upon binding to DNA (Fig. 10C) . Negatively stained electron microscopy images provides additional evidence of multiple gp16 complexes occurring along phi29 genomic DNA (Fig. 10B) , lending further support to the conclusion.
Puzzle 7: How can the motor generate such a strong force?
The phi29 packaging motor is one of the strongest biomotors constructed to date, providing forces up to 57 pN (Smith, Tans et al., 2001 ). It has recently been found that five different forces are involved in packaging DNA into a preformed shell during viral maturation, and all are needed to generate such a large force. Data indicates that the first force occurs when the binding of ATP to gp16 promotes a favorable entropic change in gp16, leading to a conformational change with an associated 40-fold enhancement in affinity for dsDNA (Fig. 11) . The binding of only one ATP to the hexameric gp16 is sufficient to induce strong DNA-binding (Fig. 12) . The second force is a result of ATP hydrolysis by a DNA-bound subunit of the hexamer that induces a second conformational and entropic change, resulting in a low affinity state for dsDNA; a step that enables the subunit to push dsDNA forward to the next subunit of the ATPase. It is proposed that the third force is created because of the unique 30° tilt of the connector subunits relative to the vertical axis of the channel. When dsDNA binds to each of the 12 subunits in succession, the anti-parallel arrangement between two helices of the connector subunit and dsDNA produces potential energy for the dsDNA helix to revolve in a single direction, with a 30° transition for each subunit. Thus, the dsDNA migrates a complete helical turn while it revolves through the 12 subunit channel (30° x 12 = 360°). A similar force can be generated from the anti-parallel arrangement between the channel of the ATPase channel and the dsDNA helix. The fourth force involves the revolution, rather than rotation, of the dsDNA around the ATPase ring. Similar to the channel mechanism, the revolution and advancement of one strand of dsDNA generates potential energy to ensure the one-way advancement of dsDNA, without the involvement of a coiling or tension force. It is suggested that the fifth force is produced by the one-way flow loops within the channel that provide a vector force for DNA to enter the capsid, but not to leave it. The motor uses 6 ATP to complete one revolution, and one ATP is needed to package 1.75 bp of dsDNA (10.5 bp ÷ 6 ATP = 1.75 bp/ATP).
Puzzle 8: How can the motor continue to move without interruption?
Hill constant determination and binomial distribution of inhibition assay have led to the conclusion that ATPase subunits work sequentially and cooperatively (Fig. 4) . This action enables the motor to work continuously without interruption, although pauses have been observed (see Puzzle 4, 5). In a single phrase: cooperativity among motor subunits allows the motor to continue to move without interruption. It has been found that only one ATP-activated subunit in the hexamer is needed to strongly bind dsDNA to the motor hexamer. The amount of DNA bound to gp16 by keeping the concentration of gp16 and DNA constant and varying the concentration of γ-s-ATP in the reaction mixture (Fig. 12) . If more than one γ-s-ATP per oligomer of gp16 were required to generate a high affinity state for DNA, the plot would show a cooperativity profile with a Hill coefficient representative of the amount of γ-s-ATP required to be bound to gp16. In principle, a Hill coefficient close to 1 indicates that only one γ-s-ATP-activated subunit in the oligomer is required for DNA binding, or that the binding of DNA is progressively increased with the number of subunits that are bound to γ-s-ATP. Data from the study exhibited no cooperativity in binding and a Hill coefficient of 1.5, indicating that all of the subunits of gp16 do not need to be bound to γ-s-ATP in order to stabilize DNA binding.
An experiment was performed in manner similar to the CE assay described above. The complex of gp16-DNA was assembled in the presence of saturating conditions of γ-s-ATP and after formation of the complex, increasing amounts of ADP were added in order to compete with γ-s-ATP for the active sites of gp16 and ultimately promote the release of DNA. The results indicated the presence of a remarkably cooperative behavior (Fig. 12) . From the resulting fractional inhibition plot a Hill coefficient close to 6 was extrapolated, indicating that six molecules of ADP are required to bind to gp16 before the dsDNA can be released from the protein. This also indicates that only one ATP bound subunit is able to stably bind DNA and prevent ADP-mediated release. Furthermore, results indicate that gp16 most likely binds to dsDNA at only one subunit per round of ATP hydrolysis.
As mentioned above, a Hill coefficient close to 1 indicates that binding of DNA has progressively increased with each number of subunits that are bound to γ-s-ATP. However, the 3.6-nm diameter of the motor channel, as measured from the crystal structure (Guasch, Pous et al., 2002) , suggests that only one dsDNA can be bound within the channel. This indicates that dsDNA shifts to a subsequent gp16 subunit upon release of the former. These results, in combination with the finding that one Walker B mutant gp16 is sufficient to block the motor for DNA packaging, support the model that the ATPase motor works sequentially. Upon ATP hydrolysis, the subunit of the ATPase gp16 assumes a new conformation in order to push dsDNA away from a subunit and transfer it to an adjacent subunit (Fig. 10A) .
The binding of dsDNA to only one gp16 subunit at a time suggests that gp16 undergoes cooperativity during DNA translocation. To verify this hypothesis, ATPase activity was analyzed by studying the effects of introduced mutant subunits on the oligomerization of gp16 Chen, Trottier et al., 1997) . If communication between the subunits of the ATPase is assumed, then the effect of the mutation of one inactive subunit on the ATPase activity should be higher than the simple sum of the ATPase activity of a single subunit. Increasing amounts of Walker B mutants added to the overall gp16 oligomer failed to provide any significant effect on the rate of hydrolysis when the ATPase activity was measured in the absence of dsDNA (Fig. 13 ). This suggests that each subunit of gp16 is able to hydrolyze ATP independently. But, when saturating amounts of dsDNA were added to the reaction, a strong negative cooperative effect was produced with a profile that mostly overlapped with a predicted profile in which one single inactive subunit was able to inactivate the whole oligomer (Fig. 13 ). This predicted case was calculated from binomial distribution inhibition assay (Trottier & Guo, 1997;Chen, Trottier et al., 1997) and produced results suggesting that, in the presence of dsDNA, a rearrangement occurs within the subunits of gp16 that enable them to communicate with each other and "sense" the nucleotide state of the reciprocal subunit.
Furthermore, the fact that dsDNA needs to be present in the reaction indicates that dsDNA binds to the inactive subunit during the catalytic cycle and remains bound to it, a condition that generates a stalled ATP hydrolysis cycle. Moreover, this observation supports the idea that only the subunit that is bound to the substrate at any given time is permitted to hydrolyze ATP. Thus, translocation is performed while the other subunits are in a type of "stalled" or "loaded" state. The above scenario suggests an extremely high level of coordination in the function of the protein, which is likely the most efficient process of coupling energy production via ATP hydrolysis and DNA translocation. An effective mechanism of coordination is apparent between gp16 and dsDNA using the hydrolysis cycle as means for regulation. The cooperativity and sequential action among hexameric ATPase subunits (Chen & Guo, 1997b; Moffitt, Chemla et al., 2009 ) promotes the revolution of dsDNA along the channel (Fig. 14) . This model suggests that contact between the connector and the dsDNA chain is transferred from one point on the phosphate backbone to another point, which also agrees with previous reports ). , 2008) , which provides energy to the motor via ATP hydrolysis, also displays high and low affinity states for DNA substrate. Recently, it has been qualitatively demonstrated via EMSA that gp16 is capable of binding to dsDNA and exhibits stronger binding to DNA in the presence of γ-S-ATP, a non-hydrolysable ATP analog (Schwartz, Fang et al., 2012) . This finding has been further validated by Forster Resonance Energy Transfer (FRET) analysis and sucrose gradient sedimentation, which both demonstrate that the gp16/dsDNA complex is stabilized by the non-hydrolyzable ATP substrate. However, a set of questions then arose concerning how motor can promote motion at its first step, without the hydrolysis of ATP, and where does the energy come from?
It is proposed that during motor motion, the major driving force is the entropy transition, not the heat flow. The motor ATPase undergoes a cycle of conformational changes between two distinct states during their interaction with ATP (Guo, Peterson et al., 1987b;Ibarra, Valpuesta et al., 2001 ; Lee, Zhang et al., 2008) . The first step is the ATP binding, which results in the reduction of the entropy in the ATPase by a conformational change. The entropy lost in this step is compensated by a subsequent step of ATP hydrolysis that results in the gaining of entropy with a conformational residue. Thus, the motor ATPase displays high and low affinity states for DNA substrate in response to the binding and hydrolysis of ATP. It was then proposed that ATP binding decreases the entropy in the ATPase, induces a conformational change, and acts as the first force generating step of motor motion-without ATP hydrolysis. The conformational change is a process that couples motion with the transition of entropy as an intrinsic property of the protein. More specifically, we proposed that the classical P-loop of the AAA+ family was directly responsible for ATP binding and the transition of ATPase into a more entropically favorable conformation.
It has also been predicted that the presence of both a DNA binding domain and a Walker-A motif in ATPase gp16 (Schwartz, Fang et al., 2012) . In AAA+ proteins, the consensus is that the Walker A motif is responsible for ATP binding, while the Walker B motif initiates ATP hydrolysis (Story & Steitz, 1992) . The Walker A motif in the phi29 ATPase gp16 has been identified previously (Guo, Peterson et al., 1987b) , and confirmed by mutation assay (Chad Schwartz, Gian Marco De Donatis et al., 2013). The binding of ATP promotes the ATPase gp16 to adapt a high affinity conformation for dsDNA binding. However, this conformational change induced by ATP binding disappears when a mutation is introduced to the Walker A motif (Fig. 15) ; and the ATPase activity of the Walker A mutant is rendered undetectable due to its inability to bind ATP. To investigate the mechanism further, the gp16/dsDNA/γ-S-ATP complex was purified by sucrose gradient sedimentation and subjected to an ATP hydrolysis kinetic assay (Chad Schwartz, Gian Marco De Donatis et al., 2013). After correlation of the ATP hydrolysis with the release of dsDNA from the gp16, the results suggested that the release of inorganic phosphate from the P-loop spurned ATPase to gain entropy; garnering another shift in conformation that forced the DNA substrate away from the interior pocket of the ATPase; and causing the genomic DNA to physically move towards the capsid. However, this catalytic force step is eliminated when a mutation is introduced to the Walker B motif of gp16 (Fig. 3 & 15) , a finding that agrees other reports that report that Walker B mutants do not hydrolyze ATP, but still maintain strong binding to DNA. In summary, after the first force generation via ATP binding, the subsequent ATP hydrolysis promotes the gp16 to undergo a further conformational change; produce an external force against dsDNA; and push the substrate away from the motor complex by a power stroke that causes the next step in motion to occur (Fig. 14) .
Concluding Remarks
The stoichiometry of the phi29 DNA packaging motor has long been a subject of debate (Hendrix, 1978 Further biochemical data proves that pRNA is capable of forming hexamers, and that the ATPase consists of six subunits in a concentration dependent manner ( Fig. 2A) , upon binding to dsDNA (Fig. 2B) , and on the active phi29 motor (Fig. 4) . It has been found that the phi29 DNA packaging motor revolves without rotating, coiling, or generating torque (Schwartz, et al. Virology accompanying paper). Since the revolution mechanism is independent of stoichiometry of motors subunits, motors with different stoichiometry subunits all can utilize the revolution mechanism. Therefore, the discovery of the revolution mechanism might reconcile the stoichiometric discrepancy among many phage systems for which ATPase was found to be present as tetramer (Maluf, Gaussier et al., 2006) , hexamer (Guo, Zhang et al., 1998; Zhang, Lemieux et al., 1998; Hendrix, 1998 The discoveries discussed in this review offer a series of applications in nanotechnology. The riding system along one string of dsDNA provides evidence of a motion system for cargo transportation at the nanoscale, and a tool for studying force generation mechanisms in a moving world. The revolution mechanism itself offers a prototype for a new motor involving forward motion, such as that used by roller coasters or trolley cars that can use a helical axis to promote forward motion. The transition of dsDNA along 12 channel subunits offers a series of recognition sites on the dsDNA backbone and provides additional spatial variables for nucleotide sensing in the discrimination of nucleotides based on distance parameters. Nature has evolved a clever machine that translocates the DNA double helix and avoids the difficulties associated with rotation, e.g. DNA supercoiling, that have been observed in many other processes. A video of dsDNA translocation be found at nanobio.uky.edu/file/motion.avi. Analytical centrifugation of gp16 plotted as particle size (upper) and sedimentation coefficient (lower), respectively. A Gp16 hexamer was formed and two spots of gp16 appeared that had similar particle size, but different sedimentation coefficients due to particle conformation, indicating that gp16 hexamer has two conformations with and without DNA. Analytical Ultracentrifugation is carried out under 20 kpm, and the data is derived after refining the 2DSA Monte Carlo analysis with a genetic algorithm/Monte Carlo fit. (B) Slab gel EMSA of gp16 binding to dsDNA with mutated Walker motifs in a 6:1 ratio; imaged by GFP and cy3 channels for gp16 and dsDNA, respectively. suggests a cooperativity factor of 1, indicating that one γ-s-ATP is sufficient to produce the high affinity state of gp16 for DNA. DNA is released from the DNA-gp16-γ-s-ATP complex mediated by ADP (B), forming a sigmoidal curve (C) with a cooperativity factor of 6; indicating that all 6 subunits of gp16 are needed to be bound to ADP in order to release DNA from the protein. The inhibition ability of the Walker B mutants E119A and D118E/E119D was assayed by ATPase activity to determine the theoretical model in the absence (left) and presence (right) of dsDNA. In the presence of DNA (right), the experimental data (solid line) overlapped with the theoretical curve indicating that one inactive subunit (dotted line) within the hexamer is able to completely block the activity of the hexameric gp16 and abolish gp16's ability to hydrolyze ATP, demonstrating negative cooperativity. The dashed line is the theoretical curve representing two inactive subunits that are necessary for complete inhibition of the hexamer. Figure 14 . Schematic of gp16 binding to DNA and the mechanism of sequential revolution in translocating genomic DNA. ATP hydrolysis forces gp16 to assume a new conformation with a lower affinity for dsDNA, thus pushing dsDNA away from the subunit and transferring it to an adjacent subunit. (A,B) The binding of gp16 to the same phosphate backbone chain, but at a location 60 different from last subunit, urges dsDNA to move forward 1.75 base pairs. Since the dsDNA chain is transferred from one point on the phosphate backbone to another point, neither the rotation of the hexameric ring nor the dsDNA is required. One ATP is hydrolyzed in each transitional step, and six ATPs are consumed in one cycle to translocate dsDNA 360  (10.5 base pairs). Please see attached website using Internet Explorer http://nanobio.uky.edu/movie.html for animations. (C) The revolution of dsDNA along the 12 subunits of the connector channel in a planar format. 
